The strength and duration of mitogen-activated protein kinase (MAPK) signaling have been shown to regulate cell fate in different cell types. In this study, a general mechanism is described that explains how subtle differences in signaling kinetics are translated into a specific biological outcome. In fibroblasts, the expression of immediate early gene (IEG)-encoded Fos, Jun, Myc, and early growth response gene 1 (Egr-1) transcription factors is significantly extended by sustained extracellular signal-regulated kinase 1 and 2 (ERK1 and -2) signaling. Several of these proteins contain functional docking site for ERK, FXFP (DEF) domains that serve to locally concentrate the active kinase, thus showing that they can function as ERK sensors. Sustained ERK signaling regulates the posttranslational modifications of these IEG-encoded sensors, which contributes to their sustained expression during the G 1 -S transition. DEF domain-containing sensors can also interpret the small changes in ERK signal strength that arise from less than a threefold reduction in agonist concentration. As a result, downstream target gene expression and cell cycle progression are significantly changed.
The induction of immediate early genes (IEGs) following exposure to extracellular stimuli represents the first major transcriptional program that precedes changes in a variety of cellular responses. The extracellular signal-regulated kinase (ERK), c-Jun NH 2 -terminal kinase (JNK), and p38 mitogenactivated protein kinase (MAPK) pathways, as well as phosphatidylinositol 3-kinase (PI3-kinase) signaling (3, 11) , are known to positively regulate IEGs, which results in various cellular outcomes, such as cell proliferation, differentiation, and oncogenic transformation. Specifically, the MEK1/2-ERK signaling pathway plays a crucial role in IEG induction by directly activating IEG promoter-bound transcription factors (40) . This results in transient transcription of the IEGs (12) and after a further 30 to 45 min, the appearance of gene products such as the Fos, Jun, and Myc family of transcription factors, as well as other transcription factors, such as Egr-1.
One puzzling feature associated with the physiological role of IEG induction is that their global expression is associated with agents as diverse as mitogenic growth factors, differentiating factors, and environmental insults, such as osmotic shock and ionizing radiation. Therefore, if the same panel of IEGs are induced by different extracellular agents, how does this lead to the generation of an appropriate biological outcome? One possibility is that different signaling pathways induce a specific subset of IEGs, and this promotes a specific outcome. Substantial experimental evidence suggests that this is not the case (2, 12, 24, 35) . What is known, however, is that the kinetics and amplitude of ERK signaling can regulate various cell fate decisions (21, 39) . This laboratory has recently illustrated how the c-Fos IEG product functions as a sensor for the duration of ERK signaling in fibroblasts (26) . The expression of c-Fos is posttranslationally regulated by differences in signal kinetics, and this controls c-Fos-dependent proliferation and transformation. The fundamental significance of this is demonstrated by the observation that changes in the duration of ERK signaling dictate whether or not c-Fos protein is expressed transiently (30 min) or in a more sustained manner (up to 4 h). This suggests that differences in signal properties, such as duration and strength, can modulate an IEG expression program that is initially generic at the transcriptional level to one that is finetuned in a signal-specific manner at the posttranslational level.
The process whereby c-Fos activity is regulated during sustained ERK signaling occurs in two stages (26) . First, nuclear localization of ERK and the 90-kDa ribosomal S6 kinase (RSK) leads to the phosphorylation of Ser374 and Ser362 in the COOH terminus of c-Fos, respectively, and this reduces the rate of c-Fos degradation. Under conditions of transient ERK signaling, the c-fos gene is induced, but c-Fos protein, appearing after the initial stimulus, is not modified and therefore is unstable. Second, phosphorylation of Ser374 and Ser362 primes the additional phosphorylation of Thr325 and, to a lesser extent, Thr331. Efficient phosphorylation of these latter two residues is dependent on an ERK docking DEF (docking site for ERK, FXFP) domain found between amino acids (aa) 343 and 346 (Phe-Thr-Tyr-Pro). Importantly, mutation of the c-Fos DEF domain reduces AP-1 transcription and completely prevents the ability of c-Fos to mediate cellular transformation (26) . The essential role for the DEF domain in c-Fos function prompted us to visually examine other IEG products for the presence of DEF domains. This revealed that in addition to c-Fos, other IEG products from the Fos, Jun, and Myc family contain putative DEF domains, suggesting that they may also function as ERK sensors. The majority of these ERK sensors are encoded by proto-oncogenes and are therefore predicted to have an important role in promoting cellular transforma-tion. In this study, we show that several of these putative sensors, (Fra-2, Fra-1, and c-Myc) indeed have functional DEF domains and that ERK docking controls the phosphorylation of physiologically relevant sites. Interestingly, the transcriptional induction of one of these sensors, Fra-1, is itself under the direct control of the earlier-expressed c-Fos sensor, indicating that the products of growth factor-inducible genes can provide specific long-term temporal information about the properties of ERK signaling. ERK sensors also exhibit the ability to distinguish between small differences in the strength of ERK signals that result from minute changes in agonist concentration. This ultimately results in substantial changes in downstream gene expression and the efficiency with which cells enter S phase.
the phosphorylation of GST-RSKD2/K464R was quantitated with a phosphorimager.
BrdU analysis. Indirect immunofluorescence analysis was performed as described previously (26) , except cells were incubated with bromodeoxyuridine (BrdU) for 15 min prior to fixation. For quantitation, cells were harvested with trypsin, washed in PBS, and fixed in ice-cold 70% ethanol (1 h). To extract histones and denature cellular DNA, cells were incubated with 0.1 N HCl with 0.5% Triton X-100 (10 min), resuspended in double-distilled water, incubated at 100°C (10 min), and washed in PBS containing 0.5% Triton X-100. For direct immunofluorescence staining, cells were incubated for 30 min with anti-BrdU fluorescein isothiocyanate-conjugated antibody (Becton Dickinson), washed in 0.5% Tween 20 plus 1% bovine serum albumin in PBS, resuspended in propidium iodide stain buffer (0.5% Tween 20, 250 g of DNase-free RNase A per ml, 20 g of propidium iodide per ml). After staining, samples were analyzed by fluorescence-activated cell sorting (FACS) with a FACScan flow cytometer (Becton Dickinson), and data were acquired and analyzed with CellQuest software (Becton Dickinson Immunocytometry Systems).
RESULTS
Functional DEF domains in Fra-1, Fra-2, and c-Myc. The COOH termini of c-Fos, Fra-1, and Fra-2 show significant amino acid identity (Fig. 1A , boldface residues). Specifically, the priming phosphorylation sites (underlined residues) and the DEF domain (boxed residues) found in c-Fos are conserved in Fra-1 and Fra-2, suggesting that Fra-1 and Fra-2 respond to ERK signaling like c-Fos. The electrophoretic mobility of c-Fos can be used as an indication of the phosphorylation state (Fig. 1B) , and this mobility shift is partly due to an increase in the phosphorylation of Thr325 (Fig. 1B) as described previously (26) . Like c-Fos, Fra-1 and Fra-2 also undergo a growth factor-regulated mobility shift that is inhibited when cells are pretreated with the MEK1/2 inhibitor UO126 (Fig. 1B) . In each case, the growth factor-regulated mobility shift of c-Fos, Fra-2, and Fra-1 was accompanied by a mobility shift of endogenous ERK1/2 indicating the phosphorylation and activation of ERK signaling. To test the role of the putative DEF domains in regulating the Fra-2 and Fra-1 mobility shift, alanine substitution of Phe282 or Tyr284 in Fra-2 and Phe237 or Tyr239 in Fra-1 was performed. These mutations completely inhibited the growth factor-regulated mobility shift of ectopically expressed Fra-2 ( Fig. 1C) and Fra-1 (Fig. 1D) , suggesting that the DEF domain controls Fra hyperphosphorylation. The DEF domain has been found to exclusively direct ERK to phosphorylate phosphoacceptor sites lying just NH 2 terminal to the binding motif (15, 26) . Putative phosphoacceptor sites (Thr-Pro) are indeed located NH 2 terminal to the DEF domains in Fra-2 and Fra-1 (Fig. 1A) , and some of these are known to be phosphorylated in vivo (25, 43) . Interestingly, in the case of Fra-1, one of these sites (Thr231) controls transcriptional transactivation (43) .
In addition to Fos family proteins, we have noted that Myc proteins also contain putative DEF domains (26) . The DEF domain in c-Myc is located between aa 196 and 199 and is COOH terminal to the growth factor-regulated phosphorylation sites Ser62 and Thr58 ( Fig. 2A) . ERK-mediated phosphorylation of Ser62 results in increased c-Myc stability, but when PI3-kinase signaling is low, Ser62 phosphorylation can also prime the phosphorylation of Thr58, which promotes ubiquitination and degradation of c-Myc (34) . Given the pivotal role that Ser62 phosphorylation plays in c-Myc, a potent inducer of transformation and cell death, understanding how efficient phosphorylation of this site is achieved is of great VOL. 24, 2004 ERK SIGNAL STRENGTH AND IMMEDIATE EARLY GENE PRODUCTS 145
importance. Phosphorylation of Ser62 is regulated by the MEK-ERK pathway (Fig. 2B ), in agreement with previous studies (34) . Replacement of the critical DEF domain residue Phe196 or Tyr198 with alanine reduced the growth factorregulated increase in Ser62 phosphorylation (Fig. 2C ). This observation indicates that aa 196 to 199 comprise a DEF domain and that this is required for the regulation of c-Myc Ser62 phosphorylation. The above observations show that in addition to c-Fos, the IEG products Fra-1, Fra-2, and c-Myc also contain functional DEF domains, indicating that these can also serve as molecular sensors for ERK signaling. Kinetics of EGF-and PDGF-stimulated IEG induction. Differences in the duration of ERK signaling have profound effects on the phosphorylation state and stability of c-Fos (8, 26, 27) . To determine if this response to signal duration is restricted to c-Fos alone, the expression kinetics of additional IEG products containing DEF domains was examined. Treatment of quiescent Swiss 3T3 cells with EGF induced transient activation of ERK (Fig. 3A) and transient accumulation of c-Fos (Fig. 3A, lanes 1 to 8) . In contrast, PDGF treatment was associated with sustained ERK activity and c-Fos expression (Fig. 3A , lanes 9 to 15). Note that after 45 min of induction with EGF or PDGF, similar levels of c-Fos are expressed. In the case of transient ERK signaling, c-Fos is unstable and disappears, whereas sustained ERK activation is required for c-Fos stabilization, as shown previously (26) . The expression of c-Jun, a c-Fos dimerization partner, was identical to that of c-Fos (Fig. 3A) . Low levels of Fra-2 were reproducibly detected when signaling was transiently activated (Fig. 3A , lane 3) (data not shown), which might indicate either its reduced stability when hypophosphorylated or weak transcriptional induction by EGF. In contrast, higher levels of Fra-2 were observed up to 4 h after PDGF treatment (Fig. 3A , lanes 9 to 15). Fra-1 was only detected when ERK signaling was sustained, and its expression was delayed with respect to the other Fos proteins and c-Jun (Fig. 3A , lanes 9 to 15). In addition to these observations, the abundance and/or electrophoretic mobility of c-Fos, c-Jun, and Fra-2 significantly changed 3 to 4 h after PDGF induction (Fig. 3A, lanes 14 and 15) . This may reflect reduced ERK-mediated phosphorylation of these proteins, which in turn affects protein stability and/or mobility. Fra-1 levels remained elevated at these later time points, and no change in electrophoretic mobility was observed (Fig. 3A , lanes 14 and 15).
The expression of two other DEF domain-containing IEG products, Egr-1 and JunB, was also similar to that of c-Fos. Expression of both was transient in cells treated with EGF but was sustained in PDGF-treated cells (Fig. 3B, lanes 1 to 13) . Although the initial levels of EGF or PDGF induction of Egr-1 and JunB expression after 60 min were identical, levels of both 3B , lanes 9 to 13), whereas EGF induction was associated with a doublet JunB species (Fig. 3B, lane 3 ). This suggests that although both growth factors initially induce JunB expression, PDGF-regulated posttranslational modification of JunB leads to its stabilization. When c-Myc expression was analyzed, a transient and weak induction was observed in EGF-treated cells (Fig. 3C, lanes 1  to 7) , which likely reflects the short t 1/2 (ϳ7.5 min) for hypophosphorylated c-Myc (34) . Under sustained ERK signaling conditions with PDGF, levels of c-Myc were higher and were maintained for the duration of the experiment (Fig. 3C, lanes  8 to 14) .
Sustained ERK signaling is required for extended expression of IEG products. The results from the experiments described above illustrate a strong correlation between sustained ERK signaling and sustained expression of several IEG products containing DEF domains. To extend this further, we induced IEG product expression with PDGF and examined the requirement for sustained ERK activity for maintenance of IEG protein expression. If sustained ERK signaling is required for the extended expression of several of these IEG products, inhibition of ERK signaling with the MEK inhibitor should result in their rapid turnover. Thus, UO126 was added to cells already induced with PDGF (90 min) in order to convert the sustained signal into a more transient signal (Fig. 4A , lower panel, compare lanes 3 to 7 with lanes 9 to 13). Manipulating ERK signaling in this way had a strong effect on the extended expression of all IEG products examined. The expression of Egr-1, Fra-2, c-Jun, and JunB was reduced when UO126 was added to PDGF-treated cells (Fig. 4A) . UO126 also reduced the levels of c-Myc detected in cells treated with PDGF for 2, 4, or 6 h (Fig. 4B , compare lanes 3 to 5 with 7 to 9). Delaying the addition of UO126 until after 2 h of PDGF treatment allowed c-Myc to reach its maximum expression level (Fig. 4B,  lane 11 ), but levels then subsequently declined after a further 2 and 4 h of culture in the presence of both PDGF and UO126 (Fig. 4B, lanes 12 and 13) . This is in contrast to maximal c-Myc levels being maintained in control cells (Fig. 4B , lanes 3 to 5, and Fig. 3C, lanes 12 to 14) . Since PDGF does not significantly induce ERK5 activation in Swiss 3T3 cells (L.O. Murphy and J. Blenis, unpublished observations), the effect of UO126 on IEG expression (Fig. 4) can be fully attributed to inhibition of the MEK1/2-ERK pathway and not the MEK5-ERK5 pathway, the activation of which is also UO126 sensitive (17) .
The delayed induction of Fra-1 relative to other IEG products in 3T3 fibroblasts is partly due to the fact that c-Fos expression is required for the initial induction of fra-1 transcription (33) . Therefore, to determine if sustained ERK signaling regulates Fra-1 protein expression during the G 1 -S transition, UO126 was added after 5 h of PDGF treatment, which allows Fra-1 to reach its maximum level of expression ( VOL. 24, 2004 ERK SIGNAL STRENGTH AND IMMEDIATE EARLY GENE PRODUCTS 147 4C). Note that at this time point, c-Fos is relatively hypophosphorylated (26) , and its levels are relatively low (Fig. 3A, lane  15) . The presence of UO126 for only 20 or 30 min was sufficient to completely inhibit the mobility shift of Fra-1, indicating an important role for ERK signaling in posttranslational control of Fra-1 (Fig. 4C) . Furthermore, this change in electrophoretic mobility preceded the complete disappearance of Fra-1, indicating an additional role for ERK in Fra-1 stability (Fig. 4D ). In the absence of UO126, the levels of hyperphosphorylated Fra-1 are maintained after 9 to 12 h of induction (Fig. 4D) , which corresponds to the G 1 -S boundary in Swiss 3T3 cells. Taken together, these data show that several IEG products (Fra-2, c-Jun, JunB, c-Myc, and Egr-1) and Fra-1 exhibit the same biochemical response to ERK signal duration that was previously described for c-Fos (26), providing strong evidence that these additional proteins are also ERK signal sensors.
Reduced ERK signal strength results in loss of IEG hyperphosphorylation, stability, and subsequent target gene expression. The mechanisms that regulate ERK signal duration are not fully understood but may involve differential regulation at the level of phosphatases (29, 32, 36, 37) , receptor internalization, and trafficking (30) and possibly alternative modes of Raf activation by Ras or Rap1 (42) . Differences in signal amplitude and duration may also be simply a consequence of receptor density. Low receptor numbers would result in transient pathway activation, whereas 10-to 100-fold more receptors would result in more persistent activation (9, 38) . We hypothesized that by reducing the amount of PDGF used to treat quiescent Swiss 3T3 cells, the sustained activation of ERK signaling would be converted into a more transient activation. If true, then IEG product phosphorylation and stability would be adversely affected. Indeed, reducing the PDGF concentration from 10 to 4 ng/ml converted the expression profile of c-Fos and Egr-1 from sustained to transient (Fig. 5A) . Furthermore, while the initial activation of ERK after 10 min of induction was not significantly altered by reducing the amount of PDGF, the sustained phase of ERK signaling was (Fig. 5C) . As anticipated, Thr325 phosphorylation in c-Fos was greatly reduced in cells treated with 4 ng of PDGF per ml compared to cells treated with 10 ng of PDGF per ml, despite the fact that c-Fos levels were nearly identical in both cases (Fig. 5B) . Thus, the response associated with sustained ERK signaling (hyperphosphorylation and stabilization of IEG product) is changed to a transient response (hypophosphorylation and transient expression of IEG product) by a surprisingly small decrease in agonist concentration.
When ERK1 activity was examined in cells treated with 10 or 4 ng of PDGF per ml, a significant 30 to 40% reduction in kinase activity was observed 1 to 2 h after induction (Fig. 5C ). Since RSK activation is dependent on ERK signaling, the reduction in ERK activity associated with 4 ng/ml is also accompanied by a similar reduction in RSK phosphotransferase activity (data not shown). Therefore, differences inThr325 phosphorylation (Fig. 5B) likely reflects priming efficiency (RSK and ERK mediated) as well as DEF-dependent regulation of Thr325 (ERK mediated). These observations show that small decreases in ERK activity result in a substantial reduction in the phosphorylation state and stability of c-Fos. Finally, the expression of Fra-2 and Fra-1 was also examined under conditions of limiting PDGF (Fig. 5D ). Fra-2 expression was induced and sustained for 4 h in cells treated with 10 ng of PDGF per ml (Fig. 5D, lanes 2 to 4) , and as noted above (Fig.  3A) , the electrophoretic mobility of Fra-2 changes 3 to 4 h after induction (Fig. 5D, lane 4) . While the initial levels of Fra-2 in cells treated with 6, 5, or 4 ng of PDGF per ml were the same as those in cells treated with 10 ng/ml (compare lane 2 with lanes 5, 8, and 11), the electrophoretic mobility of Fra-2 changed after only 2 h in these cells (compare lane 3 with lanes 6, 9, and 12), indicating a more rapid decrease in phosphorylation state. Furthermore, decreasing the amount of PDGF from 10 to 4 ng/ml also converted Fra-2 expression from sustained to transient (Fig. 5D, compare lanes 4 and 13) . Fra-1 was also equally induced after 2 h by all concentrations of PDGF used (Fig. 5D, compare lanes 2, 5, 8, and 11 ), but the electrophoretic mobility of Fra-1 was faster at the lower doses (compare lane 2 with lanes 5, 8, and 11), indicating differential phosphorylation of Fra-1. Furthermore, the levels of Fra-1 remaining after 4, 8, and 12 h were consistently lower in cells treated with 4 ng of PDGF per ml than those in cells treated with 10 ng/ml ( Fig. 5D and E) .
If the effects of ERK signal strength and duration on cell cycle control are mediated via IEG-encoded transcription factors, then sensor-regulated downstream gene expression should also be affected by signal kinetics. Since the cyclin D1 gene is under the direct control of the AP-1 transcription complex (5), cyclin D1 expression could represent a critical (Fig. 5A ) would also be predicted to affect cyclin D levels. To examine this, quiescent Swiss 3T3 cells were cultured in the presence of 10 or 4 ng of PDGF per ml for 3, 6, 9, or 12 h, and cyclin D1 expression was measured by immunoblotting. Although the two doses of PDGF induced cyclin D1 expression (i.e., no delayed induction with 4 ng/ml), the levels were significantly reduced in cells treated with 4 ng/ml (Fig. 6A) . Finally, to determine whether the small decrease in ERK signal strength differentially regulates G 1 -S progression, BrdU incorporation was performed, and quantitated by fluorescence-activated cell sorter (FACS) analysis. Both doses induced BrdU incorporation after 11 to 13 h; however, at each time point, the number of BrdU-positive cells was significantly reduced when 4 ng/ml was used (Fig. 6B) . Quantitation showed that after 12 h in the presence of 10 ng of PDGF per ml, there was more than a 6-fold increase in BrdU incorporation, whereas 4 ng/ml was associated with only a 2.5-fold increase (Fig. 6C ). These observations show that a two-to threefold change in agonist concentration is associated with subtle differences in ERK signal strength and duration. These apparently modest changes in ERK signal timing, however, are propagated into substantial differences in the phosphorylation state and expression of multiple IEG products, downstream sensorregulated gene expression, and cell cycle progression.
DISCUSSION
The findings presented in this study show how the strength and overall duration of ERK signaling control the global expression of several DEF domain-containing IEG products and how this relates to the expression of second-tier genes and cell cycle progression. First, we show that the putative DEF domains in Fra-1, Fra-2, and c-Myc are indeed functional. Like c-Fos, the DEF domains found in these transcription factors regulate their hyperphosphorylation and are predicted to control their biological function. Second, all DEF domain-containing IEG products examined display the same differential response to the duration of ERK signals, and prolonged ERK signaling is required for the sustained expression of these IEG products through the G 1 phase of the cell cycle. Third, a small reduction in ERK signal strength results in significant loss of 
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hyperphosphorylation and stability of these IEG products. Fourth, expression of the AP-1 target gene, cyclin D1, is significantly reduced when ERK signal strength and duration are decreased. Fifth, the IEG expression response to signal duration is tightly correlated with quantitative differences in cell cycle progression. Taken together, these observations argue that the posttranslational regulation of IEG products provides the cell with a mechanism to respond to subtle changes in ERK signal strength and duration, which in turn leads to significant changes in cellular function. Understanding how sustained ERK and RSK signaling regulates c-Fos has provided a molecular framework to explain how differences in signal duration lead to the generation of a specific biological outcome (26) . During sustained signaling, ERK-and RSK-mediated phosphorylation of the c-Fos COOH terminus primes hyperphosphorylation at Thr325 and Thr331 (26) . Hyperphosphorylation also requires an intact DEF domain, and when mutated, Fos-mediated transformation is inhibited (26) . In the present study, we have specifically shown that Fra-2, Fra-1, and c-Myc also have functional DEF domains that are required for their hyperphosphorylation. Experimental and sequence analyses show that posttranslational control of Fra-2 and Fra-1 is likely very similar to that of c-Fos due to the presence of priming phosphorylation sites and DEF domain-mediated phosphorylation sites in their COOH termini. Interestingly, the transactivation potential of Fra-1 is completely inhibited when Thr231 is mutated to alanine (43) , and our findings indicate that this residue is under the regulation of the DEF domain. In the case of c-Myc, the DEF domain regulates the ERK-dependent phosphorylation of Ser62. Since phosphorylation of Ser62 promotes c-Myc stability, DEF-dependent docking of ERK to c-Myc would lead to c-Myc stabilization. Interestingly, the DEF domain and NH 2 -terminal phosphorylation sites Ser62 and Thr58 both flank a region known as Myc box II (MbII). MbII is required for the assembly of a high-molecular-weight complex that contains the transformation-transactivation domain-associated protein (TRRAP) and TIP49/TIP48 (23, 41) . This complex is required for Myc-dependent transformation and may be involved in chromatin modification of Myc target genes (10) . Apart from directly phosphorylating Ser62, ERK docking to c-Myc may also have a role in regulating the recruitment and/or activity of the TRRAP complex.
Several other IEG products have expression patterns that are characteristic of the Fos and Myc family sensors. For example, differences in signal duration can regulate c-Jun expression just like c-Fos. Based on sequence analysis, however, it is predicted that c-Jun does not contain a functional DEF do- The phosphorylation of Thr102 and Thr104 in JunB is thought to be predominantly regulated by JNK and not p38 or ERK (20) . Interestingly, these amino acids, which are required for JunB-driven interleukin-4 expression in Th2 lymphocytes (20) , are located NH 2 terminal to the putative DEF domain in JunB (26) . It is possible that in different cell types and in the presence of an appropriate partner protein, the DEF domain facilitates the ERK-dependent phosphorylation of JunB, and future work is required to investigate this possibility. Finally, ERK-mediated differentiation of PC12 cells requires Egr-1 transcription activity to increase the expression of p35, an Egr-1 target gene (14) . While the role of the Egr-1 DEF domain is presently unknown in this process, the possibility exists that ERK docking controls the stability and/or transcriptional activity of Egr-1. Interestingly, several putative ERK phosphorylation sites (Ser-Pro) are located NH 2 terminal to this DEF domain (26) , and Egr-1 itself is phosphorylated in vivo (6) .
The observations in this study illuminate a global mechanism that is responsible for dictating cellular responses to ERK signal duration. This mechanism takes into account the effect of both signal kinetics and signal strength. We believe that the presence of DEF domains in several growth factor-induced sensors enables the cell to respond to small increases or decreases in signal strength. This concept is best exemplified by the response of Fra-1 to sustained ERK signals. In Swiss 3T3 fibroblasts, although ERK activity at the G 1 -S boundary is only 10 to 20% of that measured after 10 min of initial stimulation, it is nevertheless sufficient to promote hyperphosphorylation of Fra-1. This and other evidence strongly suggests that DEF domains locally concentrate the active ERK to Fos, Jun, Myc, and Egr-1 sensors during sustained signaling, and this results in efficient phosphorylation of target phosphoacceptor sites.
The transcriptional induction of fra-1 can be directly regulated by c-Fos (4) and as a result is compromised in c-fos Ϫ/Ϫ osteoclasts and fibroblasts (22, 33) . This suggests that in addi- tion to the role of ERK signaling directly on Fra-1 protein, the effect of signal duration on the c-Fos sensor can also determine the transcriptional induction of fra-1. Although Fra-1 expression occurs only when ERK signaling is sustained (i.e., cells treated with PDGF but not EGF), c-Fos is still transiently expressed and is hypophosphorylated in EGF-treated cells but is not sufficient to induce Fra-1. This implies that growth factor-induced fra-1 expression requires prior ERK-mediated phosphorylation and/or stabilization of c-Fos. This important observation discriminates between an absolute requirement of c-fos for the induction of fra-1 expression, as indicated by the behavior of c-fos Ϫ/Ϫ cells, and an essential posttranslational role for ERK signaling in this process. Further support for the latter mechanism comes from experiments in which signal strength was reduced. With low doses of PDGF, although the expression of c-Fos was relatively transient, it was nonetheless phosphorylated to a greater extent than that normally associated with EGF treatment, and critically, this preceded Fra-1 expression in Swiss 3T3 cells. We believe that after the initial c-Fos-dependent induction of fra-1 (33), Fra-1 protein is hyperphosphorylated by ERK, and this primarily contributes to sustained Fra-1 expression in G 1 . Thus, the c-Fos-Fra-1 pathway is an example of how two sensors that have overlapping expression profiles provide the cell with temporal information about the amplitude of ERK signaling.
The ability of a single cell to respond to minute changes in the concentration of extracellular stimuli underlies processes that control embryonic development, cell morphology, migration, differentiation, and proliferation. In fibroblasts, a two-to threefold change in PDGF concentration can result in a modest reduction in ERK signal strength. This small change in ERK signaling, however, leads to large differences in the expression kinetics and phosphorylation of IEG-encoded sensors and cell cycle progression. This response to agonist concentration resembles the behavior of Drosophila and Xenopus embryos to morphogens. In these systems, as little as a two-to fourfold change in morphogen concentration can result in quantitative differences in gene expression and cell fate outcome (13) . Many morphogens, such as Screw and Activin, control rapid activation of "early" target genes independent of ongoing protein synthesis (13) , which resembles the IEG response to extracellular stimuli. Morphogens are also associated with the delayed expression of "late" target genes, and it has been proposed that the combination of intracellular signaling and the presence of early proteins can regulate late gene expression (28) . During embryonic development, an IEG sensorlike mechanism could allow individual cells to interpret their position in a morphogen gradient and therefore would be required to generate a specific cell fate.
In conclusion, the uniform response shown by DEF domaincontaining IEG products to differences in ERK signal duration and strength demonstrates that these gene products can collectively act as sensors for ERK signaling. Since IEG products are induced by a diverse range of extracellular stimuli, these proteins may have the general capacity to interpret differences in the kinetics of signaling pathways other than ERK. Therefore, this model in part may help explain how complex intracellular signals can be decoded and ultimately transduced into a phenotypic change in cell behavior.
